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LABORATORY STUDIES OF FILTER PACK GRAIN-SIZE DISTRIBUTIONS AND
HYDROPHOBIC TREATMENTS TO ENHANCE THE RECOVERY OF
FREE-PHASE FLOATING HYDROCARBONS

Hugh Garret Heuvelhorst, M .S.
W estern Michigan University, 1 9 9 3

Experiments were conducted in laboratory sand tanks to evaluate filter pack
design criteria in an effort to improve free-product hydrocarbon recovery from sand
aquifers. Filter sands were prepared and installed in the test tanks to examine the
relative efficiency of tw o different grain sizes and tw o different grain-size
distributions to imbibe kerosene from the formation sand and release it to their
respective wells. Treatm ents of different chemical products w ere applied to other
filter sands to create a hydrophobic coating on the grains.

The hydrophobic

coatings were tested on filter sands of different grain sizes and grain-size
distributions and compared to tests on untreated sands. These studies showed
th at for untreated sand packs, a coarse, well-sorted sand performed better at
recovering hydrocarbons than other sands tested, and that hydrophobically-treated
sands were more efficient than untreated sand packs.
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INTRODUCTION

A good deal of research and publications have focused on the design of
efficient w ater production wells. The efficiency of w ater wells depends on their
design and construction.

In many cases, a filter pack is utilized to hold back

formation material, increase permeability around the well screen, and enable the
use of larger screen openings. The later tw o reduce well losses and improve well
efficiency. The ideal filter pack in unconsolidated sediments is based on the grainsize distribution of the formation material.

The grain-size distribution of the

intended screened interval is determined using sieve and/or hydrometer analyses.
The size of the well screen openings and the filter pack grain size are selected
based on the grain-size distribution of the natural formation using one of many
established guidelines.

Blair (1 9 7 0 ) summarizes several published methods for

sand pack design.
The environmental industry generally has borrowed water well construction
criteria to design wells to recover free-phase floating hydrocarbons from w ater
table aquifers. Some recommendations have been published that provide guidance
for hydrocarbon recovery well design. However, little research has been dedicated
towards designing wells for enhanced product recovery efficiency. Advances have
generally been accomplished through experience and deductive reasoning.
Driscoll (1 9 8 6 ) provides guidelines for designing w ater production wells and
recommends using the same criteria for product recovery wells. His guidelines for

1
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filter pack design are based on the 7 0 % coarser by weight size of the formation
material as determined by the sieve analysis. That is, the grain size for which 7 0 %
of the sample is retained by the sieve (3 0 % passing the sieve or D30 size). The
corresponding grain size is multiplied by a factor of four to ten. A factor of four
to six is chosen for uniform aquifers, whereas a multiplier of six to ten is used for
semiconsolidated or for highly nonuniform, unconsolidated deposits. The resulting
grain size is the intended D30 size for the filter packs, and the filter sand is then
designed around this D30 size.

Driscoll also recommends that the filter sand be

composed of well rounded silica grains.
Sullivan, Zinner, and Hughes (1 9 8 8 ) state that an appropriately designed
filter pack can serve as a pressure amplifier for hydrocarbons that are in the
formation under conditions which may be near or below atmospheric pressure, and
thus allows movement of those hydrocarbons into a well at atmospheric pressure.
These hydrocarbons would be in a thin saturated layer or intermingled with the
w ater capillary fringe. Hydrocarbons occurring in the formation in thin layers or
broken up by the w ater capillary fringe are usually difficult to draw in to a well.
The suggestion of Sullivan et al. is to maintain w ater capillary pressures in the sand
pack at 3 0 to 4 0 % of that in the formation. A filter sand D30 size of 2 .5 to 3 .5
times larger than the D30 size of the formation should be sought.

The water

capillary rise in the filter pack is then lower than in the formation.

As the

hydrocarbons migrate into the sand pack, the product accumulates in a thicker
column because of the depression in the capillary fringe. This higher free-product
column creates a greater hydrocarbon pressure allowing it to move through the well
screen and into the well.
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Sullivan et al. conclude th at a graded filter pack will effectively perform the
same function. This filter pack design decreases the median grain size as the radial
distance from the well screen increases. To accomplish this grading, they use
Driscoll's design criteria and fully develop the well to draw 15 to 2 0 % of the filter
material into the screen. The fines are removed mostly from the filter pack in a
tight radius around the well screen and less from the outer portions of the filter
pack. Finally, the developed fines are cleaned from the well.
Another sand pack grain variable that is considered when designing wells
is the uniformity coefficient, Cu. The Cu provides a relative comparison of grainsize distributions. The Cu is defined as the 4 0 % retained size (Deo) divided by the
9 0 % retained grain size (D10). A Cu of less than 4 .0 represents a relatively more
uniform (well sorted) material. A poorly sorted sand will usually have a Cu greater
than 6 .0 (Fetter, 1 9 8 8 ). The Cu of the formation is determined following the grainsize distribution analysis. A Cu is then selected for the design of an appropriate
filter sand. A higher Cu will be specified if the formation is poorly sorted or has
layers of different grain sizes.
The petroleum industry also uses sand packs in some oil well completions,
usually in poorly cemented sandstone formations. Saucier (1 9 7 4 ) recommends the
use of a filter sand that is six times or less of the Dso size of the formation. Here,
the filter sand is used to stabilize the formation and increase permeability around
the production casing.
The petroleum industry is studying the wettability of rock surfaces to
enhance production rates and ultimate recovery.

W ettability is a relationship

between the surface tensions of a solid and a fluid. Certain fluids are more easily
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attracted to a solid surface and are considered wetting fluids.
effectively repelled by the surface and are nonwetting fluids.

Other fluids are
The angle of

inclination at which a drop of the fluid rests on a flat solid surface is the contact
angle. Good descriptions of the surface tension relationship to wettability are given
by Letey, Osborn, and Valoras (1 9 7 5 ) and van't W oudt (1 9 5 9 ).
Figure 1 schematically represents contact angles for both wetting and
nonwetting fluids. A fluid which easily wets a surface will have a low contact
angle. W hen a solid is only partially w etted by a liquid, the contact angle will be
much higher and may exceed 9 0 degrees. In theory, a contact angle less than 90
degrees indicates that the fluid is a wetting fluid; while, a nonwetting fluid has a
contact angle over 9 0 degrees. In reality, as the contact angles of a wetting fluid
and nonwetting fluid approach 9 0 degrees, the solid being tested is not
preferentially w e t by either fluid, and neither fluid is especially attracted to the
surface. W ith respect to w ater, a contact angle of less than 9 0 degrees represents
a w ater w ettable solid.

That is, the solid is preferentially w etted by water.

W hereas, a surface with a w ater contact angle greater than 9 0 degrees is
considered w ater repellent and preferentially w e t by fluids with different properties.
Most solids will be w etted by a variety of fluids but will be preferentially wetted
by the fluid that has the lowest contact angle.
Ford, Penny, and Briscoe (1 9 8 8 ) present their work to improve the relative
hydrocarbon permeability near boreholes in oil and gas productive formations by
reducing the w ater saturation. They use alcohols in an aqueous mixture injected
ahead of typical formation treatm ent fluids. The alcohol effectively dehydrates the
formation voids.

Other additives of solvents and surfactants then adhere to the
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formation surfaces and change the wettability of the rock. As a result, the contact
surfaces of the rock are not preferentially w et by either w ater or hydrocarbons.
Through this treatm ent technique, the load water (spent treatm ent fluids) is no
longer attracted by the rock.

The net effect is enhanced load w ater recovery

before hydrocarbon breakthrough.

Early breakthrough of hydrocarbons usually

traps the load w ater in small fractures and voids in the formation and increases the
w ater saturation near the borehole. A high water content reduces the formation
permeability to hydrocarbons and limits the production of the well.
The wettability treatm ent allows the petroleum engineer to maintain control
over the effective pore radii through dehydration, which in turn, reduces capillary
pressure and increases permeability to the hydrocarbons. Through their field trials.
Ford et al. (1 9 8 8 ) report typical load w ater recoveries of 10 to 1 5 % increased to
5 0 to 8 0 % w ith this treatm ent.

Initial production rates of tw o to three times

normal are realized from the treated wells.
Hydrocarbon product recovery wells in the environmental industry have not
benefitted to date from a long term research focus like those that are established
in the w ater and petroleum industries. The goal of this study is to examine some
of the same principles that have been applied to w ater and petroleum production
wells and determine their applicability to free-phase product recovery wells in
unconsolidated sand formations. Additionally, different design recommendations
for product recovery wells are tested. To accomplish this, suggested grain sizes
and grain-size distributions are compared for relative recovery efficiency.

Also,

treatm ents to change the wettability of filter sands are examined separately and
in conjunction w ith grain-size variations.
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PRELIMINARY EXPERIMENTS

10-Gallon Tanks

As a prelude to preparation for my experiments, I supervised science
projects conducted by tw o high school students. These experiments were used to
test initial ideas on sand pack selection and to aid in the design of upcoming test
tanks.
The first project was set up to examine hydrophobic treatments to a uniform
sand. Also, treatm ent application methods were developed at this stage. A 10gallon glass aquarium was partitioned into four sections.

These sections were

individually filled w ith three sands treated by different products to be hydrophobic
and w ith an untreated control sand. The partitions were then removed. Untreated
sand was placed in an even layer over the individual sands, and water w as added
to the tank. Kerosene, colored blue with a hydrophobic dye, was introduced to the
tank at the surface of the sand. The relative amount of kerosene imbibed by each
sand was examined. The treated sands showed a strong tendency to adsorb the
kerosene and displace the w ater more freely than the untreated sand. Additionally,
the different sand treatm ents had different effects on how the kerosene was
distributed within the sands.
The second experiment tested variations in grain-size distribution and
wettability simultaneously.

The test was set up in another 10-gallon aquarium.

Four well screens, cut in half longitudinally, were attached to the inside of the tank,
7
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tw o on each long side. A filter sand was designed for each of the four mock wells.
T w o different sands were selected for the filter packs, one w ith a wide grain-size
distribution and the other w ith a more uniform grain size. However, the median
grain size was the same for both sands.

One filter sand of each grain-size

distribution w as treated to be hydrophobic.
Sheet m etal, bent into a half-cylinder shape, was used to segregate the sand
packs from the fine-grained matrix sand during the set up of the tank. The sheet
metal was removed, and w ater was added to the tank to saturate about one-third
of the sand in the tank. A trough with a perforated bottom was placed on top of
the matrix sand along the long axis of the tank.

Dyed kerosene w as slowly

introduced to the trough and allowed to seep out of the bottom and into the matrix
sand.
The results of this setup showed that the hydrophobic filter sands imbibed
kerosene from the formation and released it to their wells much better than the
untreated sands.

In addition, the nonuniform filter packs seemed to be more

efficient at product recovery than the uniform sands. As kerosene was added to
the tank, it migrated preferentially into the hydrophobic nonuniform sand pack.
W ith more kerosene, the product began to accumulate in the hydrophobic uniform
and the untreated nonuniform wells. These results were perhaps influenced by the
difference in the capillary fringe heights in and around the individual filter packs,
which occupied a significant portion of the small aquarium.
This experiment provided impetus for further testing in larger tanks under
more controlled circumstances.
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9

Filter Sand Design

A natural, moderately sorted sand w as obtained for use as the matrix sand
in all of the continued tank experiments. The sand was deposited in a low energy
portion of a glacial outwash plain and was obtained from an excavation on Drake
Road in Kalamazoo, Michigan. Approximately one liter of the sand w as split into
one-quarter of the original volume, according to the method described by Driscoll
(1 9 8 6 , page 4 0 7 ). A sieve analysis was performed on this sand. The result of the
sieve analysis has been graphically presented in the grain-size distribution curve
shown in Figure 2 as the matrix sand. The sand was generally fine to medium
grained with traces of silt and gravel. The sand was determined to have a Cu of

2 .0 .
Filter packs were designed for the tank experiments following the
recommendations given by Driscoll (1 9 8 6 ) for water well construction and by
Sullivan el al. (1 9 8 8 ) for hydrocarbon recovery. A filter sand w as chosen that had
a D30 size that was 2 .9 times the D30 size of the natural matrix sand and had a Cu
of 1.5 . This sand fit well w ith the recommendation of Sullivan et al. to be 2 .5 to
3 .5 times the D30 size. This uniformly-sized filter sand was used in all experiments
and was given the designation "fine uniform". Other commercial filter sands with
various grain sizes were mixed to create filter packs with different grain-size
distributions. The "fine nonuniform" sand possessed a D30 size th at was 2 .5 times
th at of the matrix sand, and a Cu of 1.8. The D50 size of the fine nonuniform sand
w as maintained similar to that of the fine uniform sand. The filter pack termed
"coarse uniform" had a D30 size determined to be 5 .3 times greater than that of the
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Figure 2. Grain Size Analyses for Matrix and Filter Sands.
o

matrix sand and a Cu of 1.3. The fourth filter sand used in the experiments, the
"coarse nonuniform" sand, was mixed to have a D30 size that was 4 .8 times the
D30 size of the matrix sand and had a Cu of 1 .9 . The D50 sizes of the tw o coarse
sands were also very similar. These filter sands have also been graphed on the
grain-size analyses diagram, Figure 2.

As another comparison, the grain-size

distributions of these sands are shown as histograms in Figure 3.
The fine uniform sand was the typical 0 .5 0 -0 .6 0 millimeter size Red Flint®
filter sand. The fine nonuniform sand was a mix of Red Flint® sands:

six parts

each of the 0 .3 5 -0 .4 5 millimeter and 0 .7 0 -0 .8 0 millimeter sizes and one part each
of the 0 .4 5 -0 .5 5 millimeter, 0 .5 0 -0 .6 0 millimeter, and 0 .6 0 -0 .6 5 millimeter sizes.
The coarse uniform filter pack consisted of unaltered 0 .8 0 -1 .2 millimeter Red Flint®
sand. The coarse nonuniform sand pack was a complicated mix of different sizes
of Red Flint® sands. A mixture of 1 50 milliliters each of the 0 .6 0 -0 .6 5 millimeter,
0 .7 0 -0 .8 0 millimeter, 0 .8 0 -1 .2 millimeter, and 1 .6 5 -2 .0 millimeter size sands was
sieved.

Fifty percent of the 2 0 mesh size and 7 5 % of the 3 0 mesh size were

removed. An additional 2 5 0 milliliters of the 0 .8 0 -1 .2 millimeter size w as sieved,
and the 10 and 12 mesh sizes were added to the mixture. Table 1 presents the
dimensions of the mesh openings for various U.S. Standard sieve numbers.

Hydrophobic Treatm ent and Testing

To test relative changes in w ettability, many spray and liquid w ater repellent
products and chemicals were used to treat small quantities of a well sorted
commercial filter sand. After these products w ere allowed to dry thoroughly, each
of the treated sands were subjected to a basic w ater drop test. The treated sands
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Table 1
U .S. Standard Sieve Sizes

Sieve Mesh Size Number

Inches

Millimeters

3Vi

0 .2 2 3

5 .6 6

6

0 .1 3 2

3 .3 6

7

0 .1 1 1

2 .8 3

8

0 .0 9 4

2 .3 8

10

0 .0 7 9

2 .0 0

12

0 .0 6 6

1.68

14

0 .0 5 6

1.41

16

0 .0 4 7

1.19

18

0 .0 3 9

1 .0 0

20

0 .0 3 3

0 .8 5

25

0 .0 2 8

0.71

30

0 .0 2 3

0 .6 0

35

0 .0 2 0

0 .5 0

40

0 .0 1 7

0 .4 3

50

0 .0 1 2

0 .3 0

70

0 .0 0 8

0.21

10 0

0 .0 0 6

0 .1 5

were placed on a glass surface and flattened to a thickness of about tw o
centimeters. A drop of w ater w as applied to each sand with a dropper. The drop
of w ater w as viewed over a period of five to ten minutes to evaluate the sand's
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14
relative hydrophobic tendencies. The drop of w ater was absorbed by sands that
had poor w ater repellent treatments. Sands that possessed good w ater repellency
did not absorb the w ater drop. The drop remained on the surface of these sands
in the shape of a slightly flattened ball similar to the nonwetting fluid in Figure 1.
Of the many products and compounds observed, three were selected for
further study. These products were dimethyldichlorosilane (DMDCS), Camp Dry®,
and Scotchgard® for leather.
DM DCS is a silicon-based chemical compound with the molecular makeup
Cl

I
H3C -S i-C H 3 .

I
Cl
W hen DM DCS

is exposed to w ater, chloride ions are released and form

hydrochloric acid. Free hydroxyl groups then bond with the silicon atom.
Cl
OH
I
I
H3C -S i-C H 3 + 2H 20 ------►H3C -S i-C H 3 + 2HCI
I
I
Cl
OH
W hen this product comes into contact with a silica sand surface, a bond is formed.
OH

I
H3C -S i-C H 3

I
OH
OH
OH OH
I
I
I
I
H3C -S i-C H 3 + -S i-O -S i-O -S i

I
OH

I

I

I

O

O

O

O
OH OH
I
I
I
► -S i-O -S i-O -S i- + H20

I

I

I

0

0

0

As methylsilanol groups line up on the surface and replace the hydroxyl groups, a
hydrophobic coating forms on the sand grain (Howell, 1989).
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Camp Dry® is a commercially available w ater repellant spray distributed by
Kiwi Brands, Inc. The spray contains 13% of a proprietary silicone compound.
Scotchgard® for leather is a fluoroaliphatic resin produced by 3M Company. Both
are sold in spray cans.
The fine uniform filter sand was chosen to be used for hydrophobicity
testing. The fine uniform sand was selected since it was considered the most ideal
to reduce grain-size distribution variables which could alter the test. The sand was
washed prior to treatm ent by placing the sand in numbers 35 to 50 sieves and
rinsing under running w ater.

The sand was washed to reduce dust and w ater

soluble films that may have been present on the sand grains. It was postulated
th at hydrophobic treatments would adhere more readily to the clean sand surfaces.
In preparation for treatm ent of the sand, cardboard boxes were cut down
to approximately ten centimeters in height and all flaps and corners were taped to
reduce sand loss. About one centimeter of sand was poured into a box and treated
at a time. The sand w as thoroughly wetted with the respective w ater repellent
treatm ent and then oven dried.
The DMDCS was diluted w ith 15 parts acetone and applied with a spray
bottle.

Once dried, the DMDCS-treated sands were found to be coated with a

yellowish, water-soluble stain. The DMDCS-treated sands were again washed with
w ater to remove the stain and then oven dried.
DeBano (1 9 8 0 ) and Letey et al. (1 9 7 5 ) described a method which they have
used to calculate the apparent contact angle and relative w ater repellency. To test
the wettability of each treated sand, a system was set up to indirectly estimate the
contact angles.
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The contact angle is related to the height of the capillary rise of the fluid
within the porous medium. The relationship is presented in the equation
h = (2yCos 0 ) -s- (rpg) ;
where
h = height of capillary rise,
Y = surface tension of the fluid,
0 = contact angle,
r = average capillary radius,
p = density of the fluid, and
g = gravitational constant.
This equation assumes that the pores can be represented by vertical cylindrical
capillary tubes with the radius r.

The fluid's surface tension and density are

obtained from a chemistry handbook for the given temperature. The difficulty with
this equation lies in the fact th at there are tw o unknowns, the contact angle and
the capillary radius.

To determine the capillary radius, the procedure is first

performed w ith ethanol.

Ethanol seems to w et all solids at a very low contact

angle, which is assumed to be zero (DeBano, 1 9 8 0 and Letey et al., 1 9 7 5 ). The
average capillary radius can then be calculated.
To measure the capillary rise, four 500-milliliter glass jars w ere prepared.
Clear PVC tubing, w ith a 13-millimeter I.D ., was attached to the inside of the jars
w ith silicone caulk. The purpose of this tubing was tw o fold, to add fluids to the
jars w ithout wetting the sands from above and to determine the actual fluid level
in the jars. The inside of the jars were then sprayed with Camp Dry® and oven
dried.

This treatm ent was applied to prevent possible preferential capillary rise
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along the glass which might obstruct the view of the true capillary rise within the
sand. Separate jars were packed with the three treated sands and an untreated
control sand.

Each jar was tapped 100 times on a table top to promote even

settlem ent and packing.
Ethanol, containing a hydrophobic dye, was introduced to the jars through
the tubing. Data from this test w as not retained since it was not known whether
the dye had an effect on the surface tension of the ethanol and thus the capillary
rise. The jars were then emptied, cleaned, and repacked with freshly prepared
sands for retesting.
Pure ethanol was slowly added to the jars through the tubing.

A fter 2 4

hours (recommended by DeBano, 1 9 8 0 and Letey et al., 1 9 7 5 ), the capillary rise
w as measured in relation to the fluid level in the tube. These measurements and
the calculated values of r have been summarized in Table 2.
Following the ethanol measurements, the jars were again cleaned and
repacked.

Distilled w ater w as added in the same manner as for ethanol.

Measurements were again made after 2 4 hours. Contact angles were calculated
using the individual values of r, determined from the ethanol experiments, for the
different sands and then recalculated using the average of all four values of r. The
latter values were considered more reasonable since they averaged out variations
in sand settlement and packing within the different jars.

By using the average

value of r, the capillary radii and pore spaces were assumed to be the same for
each sand.

The sand treatm ents were not considered to affect the size of the

capillary radii. The capillary radius and the tw o calculated contact angles of each
sand are presented in Table 3 .

An example calculation is given in Appendix A.
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Table 2
Capillary Rise Measurements and Calculated Values of r

Top of
Capillary Fringe*21
(cm)

Capillary
Rise
(cm)

-12.1

-6 .1 9

5.91

28

-1 1 .3

-8 .0 3

3 .2 7

Camp Dry® / W ater

27

-8 .3

-9 .5 7

-1 .2 7

Camp Dry® / Ethanol

28

-11.1

-7 .6 2

3 .8 4

Scotchgard® / W ater

27

-9.1

-9 .3 5

-0 .2 5

Scotchgard® / Ethanol

28

-1 1 .2

-7 .7 3

3 .4 7

DM DCS / W ater

27

-9 .3

-9 .1 4

0 .1 6

DM DCS / Ethanol

28

-9 .3

-8 .0 6

3 .6 4

Setup

Temperature
(°C)

Untreated / W ater

27

Untreated / Ethanol

Fluid;
Level111
(c m );

;

Capillary
Radius, r
(cm)

0 .0 1 7 2

0 .0 1 4 6

0 .0 1 5 4

0 .0 1 6 2

(1) - M easurements made from bottom of cap on jar.
(2) - Average of 10 to 1 2 measurements per jar from bottom of cap.

oo
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Table 3
Contact Angles for Different Filter Sands

Calculated
r
(cm)

Contact Angle
Calculated r

Contact Angle
Average r

©c

©a

Untreated

0 .0 1 7 2

4 6 .3 °

5 0 .4 °

Camp Dry®

0 .0 1 4 6

9 7 .2 °

9 7 .9 °

Scotchgard®

0 .0 1 6 2

9 1 .6 °

9 1 .5 °

DMDCS

0 .0 1 5 4

8 9 .0 °

8 9 .0 °

Filter Sand

Ave. 0 .0 1 5 9

As the data suggests, the measurements of capillary rise of ethanol within
the four different sands were reasonably similar. In contrast, the capillary rise of
w ater within the sands varied widely. The w ater contact angle for the untreated
sand showed that this sand w as clearly hydrophilic. Both the Scotchgard® and the
Camp Dry®-treated sands had contact angles greater than 9 0 degrees and were
hydrophobic.

Camp Dry® exhibited the highest contact angle and was the most

w ater repellent.

This test, however, did not show which sand was the most

oleophilic (oil attractive).
The experimental procedure was run again, and the capillary rise was
monitored with time. This data and the calculated values for the contact angles
are presented in Table 4 and graphed in Figure 4.

Each of the sands exhibited

increasing w ater wettability w ith time.
DeBano (1 9 8 0 ) and Letey et al. (1 9 7 5 ) worked under the assumption that
the system reached equilibrium within 2 4 hours. My measurements showed that
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Table 4
Change in Contact Angles W ith Time
Fluid
Level11’
(cm)

Top of
Capillary Fringe,2)
(cm)

Capillary
Rise
(cm)

Contact
Angle
0

Untreated

1/4

-1 1 .0

-4 .7 7

6 .2 3

4 7 .9 °

1

-1 0 .6

-4 .3 7

6 .2 3

4 7 .9 °

3

-1 1 .0

-4 .2 2

6 .7 8

4 3 .2 °

6

-1 1 .3

-3 .8 3

7 .4 7

3 6 .5 °

24

-1 2 .0

-3 .5 9

8.41

2 5 .2 °

48

-1 2 .0

-3 .5 7

8 .4 3

2 4 .9 °

72

-12 .1

-3 .5 5

8 .5 5

2 3 .1 °

-4 .5 5

1 1 9 .3 °

1

-3 .8

-7 .5 7

-3 .7 7

1 1 3 .9 °

3

-4 .3

-7 .5 4

-3 .2 4

1 1 0 .4 °

6

-4 .7

-7 .5 2

-2 .8 2

1 0 7 .7 °

24

-5 .9

-7 .4 2

-1 .5 2

9 9 .4 °

48

-6 .5

-7 .4 3

-0 .9 3

9 5 .7 °

72

-7 .0

-7 .4 8

-0 .4 8

9 3 .0 °

y*

-5.1

-7 .2 5

-2 .1 5

1 0 3 .4 °

1

-5 .6

-7 .2 3

-1 .6 3

1 0 0 .1 °

3

-5 .9

-7 .2 4

-1 .3 4

9 8 .3 °

6

-6 .5

-7 .0 8

-0 .5 8

9 3 .6 °

24

-8.1

48

DMDCS

b>

-7 .5 5

i
00

Scotchgard®

W

-7 .1 3

0 .9 7

8 4 .0 °

-7 .1 5

1 .4 5

8 1 .0 °

72

-8 .8

-7 .1 4

1 .6 6

7 9 .7 °

%

-4.1

-7 .5 7

-3 .4 7

1 1 1 .9 °

1

-4 .9

-7 .5 0

-2 .6 0

1 0 6 .2 °

3

-5 .6

-7 .4 8

-1 .8 8

1 0 1 .7 °

6

-6 .5

-7 .4 3

-0 .9 3

9 5 .7 °

24

-7 .7

-7 .3 3

0 .3 7

8 7 .7 °

-7 .3 5

1 .0 5

8 3 .5 °

-7 .3 5

1 .5 5

8 0 .4 °

48
72

i
00

Camp Dry®

0
1

Time
(hours)

CO

Filter Sand

-8 .9

(1) - Measurements made from bottom of cap on jar.
(2) • Average o f 1 0 to 1 2 measurements per jar from bottom of cap.
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this w as not the case. The contact angle decreased between 2.1 and 7 .3 degrees
for each of the sands from the 2 4 - to the 72-hour measurements. The untreated
sand changed the least; while, the DMDCS-treated sand demonstrated the greatest
decrease in contact angle. The change in wettability for the treated sands with
time w as understandable since the chemical coatings would require time to reach
equilibrium with the w ater.

Perhaps, the chemical treatments were slowly

hydrated. It was also understandable that equilibrium would take a longer period
of time for the treated sands than for the untreated sand.
W e can assume that natural sands and water-repellent sands would undergo
a similar change in wettability w ith respect to hydrocarbons. If a fluid is in contact
w ith a porous medium for a period of tim e, the medium can be expected to yield
som ewhat to the properties of th at fluid. Sands that are repellent to a certain liquid
could lose a portion of that repellency through interaction of the fluid and the solid
surfaces.
Comparison of the data from Table 3 and the 24-hour data from Table 4
readily shows that the capillary rise method used to determine the contact angle
in porous media is imperfect. The calculated contact angles for the untreated sand
and the Scotchgard® treated sand were quite different during the second setup as
compared to the initial setup. This opens some question as to the reproducibility
of the data using this method. Perhaps temperature had some effect. Although
there w as a 3°C difference in room temperature between the tw o individual setups,
the temperature of the w ater w as taken into account when determining the specific
gravity and the surface tension.

In any case, the method provided the relative

comparisons needed for my experiments.
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SAND TANK EXPERIMENTS

Hydrophobic Test Tank

A 40-gallon glass aquarium was prepared for use in testing the hydrophobic
sands previously treated. The inside dimensions of the tank were 90.1 centimeters
long, 3 0 .4 centimeters wide, and 4 0 .0 centimeters high. Two-inch (5.1 cm) I.D.
PVC well screen was cut in half lengthwise. The slot size of the screen was 0 .0 2
inches (0 .0 5

cm).

Four sections of this cut well screen were attached

symmetrically within the aquarium, tw o on each long side. Clear silicone caulk was
used to attach the PVC to the glass. Sheet aluminum shaped into half cylinders,
1 3 .3 centimeters in diameter, w as placed around each well screen. The matrix
sand was prescreened through a number 3V2 mesh sieve to remove the coarse
gravel and to break or remove large clumps in the sand. The sand was then added
in thin layers to the interior of the aquarium, initially with the use of a modified 3inch (7.6 cm) stove pipe and later by a make-shift tremie pipe. The tremie pipe
w as intended to simulate a random depositional environment and was constructed
of 1-inch O.D. (2.5 cm) PVC pipe w ith a plastic funnel attached to the top. The
layers were deposited uniformly across the tank and as horizontally as possible
w ithout reworking by hand.

The filter sands were slowly added, in 2- to 3-

centimeter layers, to the space between the screen and the aluminum mold. The
filter sand was added before each equivalent layer of matrix sand was placed in the
tank, and the filter sand was emplaced using a similar, but smaller, tremie pipe
23
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system.
W hen the tank was half filled, a tube was positioned in the center of the
tank. The tube was made of %-inch (1 .9 cm) O.D. PVC pipe and was made in the
shape of an inverted T . The cross member of the T was drilled w ith 3/ie-inch (0.5
cm) holes. Aluminum w indow screen w as inserted inside the cross member of the
pipe to hold out the matrix sand.
each end of the cross m ember.

PVC caps, w ith drilled holes, were placed on
Again, window screen was placed behind the

holes. Following placement of the T-shaped tube, the remainder of the matrix and
filter sands were finally added to the tank.

The entire setup is represented in

Figure 5.
The purpose of the T-shaped tube was to introduce the kerosene into the
system at a central position w ith respect to the four wells.

If the kerosene had

been poured onto the m atrix sand at the surface and allowed to infiltrate,
depositional layering of the sands could have caused the kerosene to migrate
laterally as it descended down to the w ater table. The study centered on migration
of the kerosene near the sand packs and not in the unsaturated sands. Therefore,
the T-shaped tube was used to efficiently place the kerosene near the capillary
fringe.
Dividing the w eight of the matrix sand added to the aquarium by the volume
it occupied results in a packing density of 1 .6 0 g/cm 3. Using a density of 2 .6 5
g/cm3 for quartz sand, the formula
^

^ ~ ^ b u lk

P scl d I

gives a porosity of 3 9 .6 % for the matrix sand before adding w ater.

These

calculations are given in Appendix A.
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Figure 5. Schematic of 40-Gallon Tank Setup.
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Tw en ty-tw o and a half liters of w ater were added to the aquarium via the
four test wells. A minor amount of settling occurred within the matrix sand after
the w ater was added, thus reducing the porosity slightly. The system was allowed
to equilibrate for 2 0 hours after the addition of another 1.5 liters of w ater. The
w ater table w as then about a quarter of the distance up from the bottom of the
tank.
Four liters of kerosene, colored dark blue with a hydrophobic dye, were
slowly added to the inverted T-shaped tube. The kerosene then migrated through
the matrix sand to each well. Breakthrough into the untreated filter packed well
occurred 3 7 minutes after initiation of the test. The Camp Dry® filter packed well
was the second to experience breakthrough, at 4 2 minutes. The Scotchgard® well
had breakthrough at 6 2 minutes and the DMDCS well at 6 4 minutes.
The preference for breakthrough could have been influenced by three
factors. The first factor was the unavoidable heterogeneities and layering within
the matrix sand.

These heterogeneities could have introduced preferential

migration routes through the matrix sand. The next factor could have been the
hydrophobic treatm ent itself. The untreated filter sand was presumed to be more
oil repellent and, having imbibed the kerosene, allowed it to easily pass through to
the well screen since the kerosene was not attracted into the smaller, more
constricted pores. In contrast, the treated filter packs imbibed the kerosene and
tended to adsorb it horizontally and vertically into more pores, thus increasing the
hydrocarbon saturation within the filter sand.

The kerosene was apparently

released to the well after saturation was optimized.

The third factor was the

thickness of the w ater capillary fringe in the filter packs. In the untreated pack, the
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capillary fringe was higher, presenting less distance for the kerosene to migrate
before spreading on w ater fringe.

The variations in breakthrough times, and

possibly the order of breakthrough, of the treated filter packed wells were likely
more related to the formation heterogeneities than to the other factors.

During

experimentation w ith the tank a t a later date, both the Camp Dry® and untreated
wells responded quickly to the addition of more kerosene.

The DMDCS and

Scotchgard wells responded slowly.
As more kerosene was added to the test tank, w ater was displaced from the
wells by the thickening column of kerosene. Following the introduction of this final
kerosene to the system, all of the visible w ater in the well screens was displaced
and forced into the formation sand. As a result, the w ater level rose in the closed
system.
The filter packs imbibed kerosene even below the visible w ater table. The
Camp Dry® sand pack showed the quickest and greatest kerosene saturation below
the w ater table. The DM DCS and Scotchgard® filter sands absorbed substantially
less initially; while the untreated pack absorbed very little. W ith the progression
of tim e, the kerosene saturation continued to increase in each of the sand packs
until only minor saturation differences were prevalent. However, the Camp Dry®treated sand pack retained the highest apparent kerosene saturation.
The kerosene level within each teat well was individually drawn down by
pumping. Each w ell's response was monitored with time. The kerosene that had
been pumped out was poured back into the T-shaped tube several minutes after
initiation of the test. The practice of returning the kerosene to the system was
intended to show the response of an open system with free product migrating from
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beyond the boundaries of the glass tank. The actual results from these tests were
difficult to interpret.

The wells showed a combined response to both the fluid

drawdown and the return of the kerosene to the system. Therefore, the results of
these drawdown tests are not shown here.
W ith equilibrium re-established in the tank, single well drawdown tests were
again performed.

This tim e, the fluid levels in all wells w ere monitored until

equilibrium was nearly reached. The kerosene was then returned to the system
and allowed to reach steady-state conditions. The test was repeated for each of
the three remaining wells following the same procedure.

Approximately 3 5 0

milliliters of kerosene were pumped from each well in turn.
W ith this procedure, pump tests could be compared relatively easily. These
drawdown tests are shown graphically in Figure 6. As clearly shown, the recovery
of the untreated well was greater initially and then slowed appreciably. Each of the
treated wells held a steadier recovery, with the Camp Dry® sand-packed well out
performing all others.
After pumping was halted on the drawdown test of the untreated filterpacked well, this sand pack drained of its remaining kerosene much more quickly
than the treated sand packs. Recovery of the untreated sand packed well slowed,
since it didn't imbibe the kerosene from the formation as readily as the treated
packs.
The kerosene saturation in all of the filter packs below the w ater table was
greatly reduced following the pumping on each individual well. Pumping product
from one well reduced the combined fluid level in the system. The change aw ay
from equilibrium caused kerosene to migrate out of all of the sand packs below the
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w ater table, reducing the percentage of kerosene and increasing the w ater
saturation in this portion of the sand pack.

Migration out of the untreated filter

sand, below the w ater table, seemed to be quicker in comparison to the treated
sands. This could also account for the rapid initial response of the untreated filter
pack to pumping.

As kerosene was returned to the system and the wells

recovered, resaturation of kerosene into the lower portion of the filter sands
appeared to occur more rapidly in the treated packs. The kerosene saturation in
the sand packs below the w ater table was shown to be sensitive to changes in the
system.

Alteration of equilibrium conditions within the test tank strongly

influenced the kerosene saturation in the lower portion of the filter sands.
In preparation for excavation of this aquarium, all four wells were pumped
down so that only about tw o centimeters of fluid remained visible in the wells.
A fter roughly 2 0 hours, the Camp Dry® and DMDCS wells contained kerosene
levels measured at 1 3 .6 centimeters. The kerosene in the Scotchgard® well was
measured to be 1 2 .6 centimeters, and the untreated well only had 6 .0 centimeters.
Some of this kerosene w as likely residual, draining slowly from the filter packs
after pumping was stopped.

However, most of the kerosene in the wells was

drawn from the formation sand. The pores in the formation sand were smaller and
would retain the kerosene longer than the larger pores in the filter sands.
Therefore, the matrix sand held the greater amount of kerosene and released it
more slowly to the filter sands. This final test on the hydrophobic tank confirmed
that the treated sand packs w ere more efficient at imbibing kerosene from the
formation than the untreated pack, at the low product thickness tested.
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Grain Size and Grain-Size Distribution Test Tank

Another 40-gailon glass aquarium was prepared to examine the differences
in product recovery efficiency as a result of grain size and grain-size distribution
variations in the filter sands. No hydrophobic treatments were used on the sands
in this tank.

The test tank setup was the same as that described for the

hydrophobic test tank and shown in Figure 5. For the grain-size comparison, the
filter sands used around the four wells were the coarse uniform, fine uniform,
coarse nonuniform, and fine nonuniform sands presented on page 10. The fine
uniform sand was the same as that used in the previous experimental tank. Each
of these filter sands was washed to remove any dust residue. The sands were
washed under running w ater using number 3 5 and 4 0 sieves.

The filter sands

were then oven dried.
The matrix sand and the filter sands were introduced to the tank utilizing the
same tremie pipes used previously. W ith this tank, major heterogeneities within
the matrix sand were successfully reduced, with layering being more uniform and
horizontal. The tw o fine filter packs were installed on one side of the tank and the
tw o coarse sands on the other. W ater was added to the tank through the well
screens. Each filter sand was developed using a surge block designed specifically
for the semicircular wells. Development continued on each well for 150 upward
and downward strokes. As a result of the development, the entire matrix sand in
the tank became w et.

Some settling of the matrix sand occurred during the

development. The final dimensions of the matrix sand were used in the estimation
of the porosity, which was determined to be 3 7 .4 % .

Appendix A presents the
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calculations for volume and porosity.
Dyed kerosene w as added to the experimental tank after allowing over four
days for equilibrium. The kerosene was introduced through the inverted T-shaped
tube. The w ater level in the wells rose as the kerosene was added to the closed
system. Thirteen minutes after the addition of about 9 0 0 milliliters of kerosene,
staining was evident on the glass of the tank between the tw o fine-grained sand
packs. Kerosene staining became visible on the coarse side a short time after the
fine side. The staining appeared to be above the w ater saturated capillary fringe.
A t 1 hour and 3 0 minutes, a total of 2 .4 liters of kerosene had been added
to the tank. A t 1 hour and 4 5 minutes, kerosene had migrated to the edge of each
sand pack. Tw enty hours after the initiation of the test, each well had different
levels of kerosene floating on the w ater.

The coarse uniform well had 3 .4

centimeters of kerosene, the fine uniform well had 2 .3 centimeters, the coarse
nonuniform held 0 .6 centim eter, and the fine nonuniform well had only 0.1
centimeter of kerosene. The system appeared to be near steady-state conditions.
Each filter pack seemed to have som ewhat different w ater capillary rises. Static
w ater levels in the wells were not taken. Relative measurements of the individual
capillary fringes were made using the black base of the aquarium as a standard
measuring point. The coarse uniform sand had the lowest capillary rise while the
fine uniform had the highest, 3.1 centimeters greater. The coarse nonuniform pack
was 0 .7 centimeter higher than the coarse uniform, and the fine nonuniform sand
was 1.8 centimeters higher.
As more kerosene w as added to the system, it migrated more readily to the
tw o uniform packed wells.

Kerosene saturation within the coarse filter sands
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extended well below the w ater table in the formation sand much sooner than the
fine sands. More kerosene w as added to the tank bringing the total to about 6 .2
liters. The kerosene levels in each of the wells became nearly equal at this stage.
W ith tim e, the apparent kerosene saturation in the fine filter sands, below the
w ater table, began to approach that of the coarse sands but didn't achieve the
same degree of saturation from a visual perspective.
Tw o sets of single well drawdown tests were performed on this tank to
evaluate the response of the different grain-sized filter packs.

Drawdown tests

were conducted at low and high relative kerosene thicknesses. The tests were
performed using the same procedure as described for the previous 40-gallon tank
experiments.
The kerosene thickness was maintained at a low level for the initial round
of drawdown tests. Between 4 9 0 and 5 5 0 milliliters of kerosene were pumped
during each individual test.

Actual product thickness in the matrix sand was

difficult to determine and not recorded. The apparent kerosene thickness in the
formation, as viewed through the glass walls, was irregular and may not have
represented the actual thickness inside the matrix sand. The results of these first
round drawdown tests are displayed in Figure 7.

Both coarse filter packs

performed nearly equally well and clearly better than the fine filter sands. The fine
nonuniform sand out performed the fine uniform.
Following the low kerosene thickness tests, 1.5 liters of kerosene were
added to the closed system. This increased the thickness of the free product in the
formation sand between one and tw o centimeters.

Drawdown tests were

conducted under these conditions by pumping between 7 3 0 and 7 7 0 milliliters of
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kerosene from the individual wells during their respective tests.

The recovery

curves for the high kerosene thickness tests are plotted in Figure 8. During this
series of tests, the coarse uniform sand packed well showed the most rapid
recovery.

Both fine sand packed wells recovered at the same rate, which was

again slower than the tw o coarse sand packed wells. The coarse nonuniform sand
packed well had an intermediate recovery rate.
A t both kerosene thicknesses, the coarse sand packs imbibed the kerosene
more efficiently than the fine sands. The coarse uniform filter sand was viewed
as the overall superior sand for the recovery of product in these tests. The fine
uniform sand was found to be the poorest at imbibing the kerosene from the
formation sand. W hen comparing the uniform filter packs to the nonuniform packs,
neither grain-size distribution w as determined to be consistently better.

The

median grain size was the dominant variable in this test tank.
As a final comparison, the kerosene in all four wells was pumped down
tw ice to the w ater level. The top of the fluid level and the kerosene thickness in
each well were then monitored w ith time. The kerosene thickness for each well
is shown in Figure 9. The coarse filter sands drained of their kerosene quicker,
allowing more to be pumped out. The fine sands released the kerosene slower so
that the initial kerosene thickness was greater.

Yet, the coarse sands imbibed

kerosene from the formation and released it to the wells at a faster rate than the
fine packs. A fter tw o and a half days, all kerosene levels were equal.

Plexiglas Test Tank

A large transparent plexiglas tank, that had been constructed for previous
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experiments, was prepared for use in the final stage of these filter pack trials. The
internal dimensions of the tank were 1 1 8 .0 centimeters high, 1 1 8 .0 centimeters
wide, and 3 0 .5 centimeters thick.

Four PVC well screens w ere again attached

symmetrically inside the tank in the same manner as described for the smaller
aquariums.
Based on the results of the experiments on the tw o 40-gallon test tanks,
four filter sands were chosen for use in the plexiglas tank.

The selected sands

were a Camp Dry®-treated (C.D.) fine uniform sand, a C.D. coarse uniform sand,
a C.D. coarse nonuniform, and an untreated coarse uniform sand used as a control.
Approximately seven liters of sand were prepared for each filter pack. The same
grain-size distributions described previously, on page 10, were used for these
sands. The sands were washed and oven dried as before.
The cans of Camp Dry® used to treat the sands were weighed before and
after spraying. The sands were also weighed to estimate the amount of treatment
that adhered to the sand grains after loss of the spray propellant and volatiles. For
each seven liters of sand, over 3 0 0 grams of Camp Dry® spray were used. The net
treatm ent to the sands w as an increase of a little over 20 grams to their weight.
In perspective, this accounted for only about two-tenths of one percent increase
in total sand weight.
The matrix sand and the filter sands were introduced to the tank utilizing the
tremie pipe system devised for the 40-gallon tanks. W ater was added to the wells
until roughly two-thirds of the height of sand in the tank was saturated. The wells
w ere then developed with the semicircular surge block. Surging the wells failed to
fully develop the filter sands near the w ater table, but the filter sands were visually
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considered well developed in their mid-section. During development, the treated
filter sands discouraged w ater movement into the matrix sand above the
established w ater table.

In contrast, the untreated sand pack allowed easier

passage of w ater and w etting of the surrounding sand in the vadose zone of the
formation.
Tw o days following development, the capillary fringe in the matrix sand was
generally flat except near both uniform treated filter packs where it sloped
downward toward the filter sands.

Some residual w ater remained above the

capillary fringe around the untreated filter sand.

The matrix sand several

centimeters above the capillary fringe was dry, with no residual moisture.

The

visual capillary fringe within the sand packs was measured with respect to the
w ater levels in the individual wells. The capillary rise measurements were much
lower than in the formation sand. The capillary rise within each of the filter sands
was as follows: C.D. coarse uniform, 3 .5 centimeters; C.D. coarse nonuniform,
4 .3

centimeters;

centimeters.

C.D.

fine

uniform,

5 .5

centimeters;

and

untreated,

4 .6

Figure 10 presents a schematic of the plexiglas tank following

development.
The volumetric dimensions of the sand following development were used to
estimate the porosity of the formation sand. This porosity was calculated to be
approximately 3 7 .4 % . The supporting calculations are given in Appendix A.
The system was allowed to equilibrate for 69 hours before kerosene was
introduced. T w o liters of kerosene were poured into the center T-shaped tube in
the first 15 minutes. The formation sand quickly accepted the kerosene. Kerosene
migrated to the C.D. fine uniform sand pack first, followed by the C.D. coarse
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nonuniform and then the C.D. coarse uniform. Breakthrough of the kerosene from
the C.D. coarse nonuniform filter sand to the well occurred before all others. The
C.D. coarse uniform well experienced breakthrough soon after the C.D. coarse
nonuniform well. The C.D. fine uniform filter packed well was the third to have
breakthrough. Migration to the untreated control sand was slow, possibly due to
the residual moisture in the surrounding matrix sand.
As kerosene was added to the system, the product thickness was monitored
in each well. The C.D. fine uniform well accumulated kerosene at the most rapid
rate. The C.D. coarse uniform well was second, and the C.D. coarse nonuniform
well w as third.

The control well was very slow to imbibe kerosene from the

surrounding matrix sand. Preferential flow tendencies, resulting from depressions
in the capillary fringe, may have contributed to the rate of product accumulation
in the uniform sand packed wells.
Single well drawdown tests were initiated on each of the wells. The length
of the well screens in this taller tank allowed the full column of kerosene to be
viewed and measured. A leak in the plexiglas tank reduced the fluid levels in the
matrix sand.

The leak was repaired and testing was reinitiated with readjusted

fluid levels. Testing was then conducted with three different levels of free-phase
kerosene in the formation sand and product thicknesses in the wells.
A low kerosene thickness in the matrix sand was tested first.

Product

thickness in each well was maintained between 5 3 .9 and 55.1 centimeters prior
to the start of each drawdown test. The kerosene was pumped out of a single well
and allowed to recover.

As much kerosene was removed as possible within a

reasonable amount of time. Between 8 7 0 and 1 1 0 0 milliliters of kerosene were
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pumped from the individual wells during their respective tests.

The C.D. fine

uniform and C.D. coarse uniform sand packs yielded less kerosene to their wells
within the short pumping tim e period.
The dramatic results of the individual drawdown tests for the low product
thickness is graphically displayed in Figure 11. The C.D. fine uniform packed well
recovered much quicker than all others. In fact, the recovery rates seem equally
different with the curves spaced at regular intervals. The C.D. coarse uniform well
had the second quickest recovery rate, followed by the C.D. coarse nonuniform,
and lastly, the untreated well. The untreated well showed rapid initial recovery
rates, but then slowed to nearly a straight line recovery rate. The order of recovery
efficiency for this test was the same as the preference for accumulation when
kerosene w as initially introduced to the tank.
Additional kerosene w as added to the system following the low product
thickness tests. This caused an increase of nearly five centimeters in the product
thickness within all of the wells. Product thicknesses in the wells were maintained
between 5 8 .8 and 6 1 .5 centimeters. The product thicknesses (5 8 .8 to 5 9 .0 cm),
prior to the initial drawdown test at this kerosene level, do not appear to have
represented equilibrium conditions in the tank. These measurements were made
roughly one hour after the final addition of kerosene.

Drawdown tests on the

remaining wells were performed in succession, allowing time for stabilization of the
system before each new test. Between 9 8 0 and 1 2 8 0 milliliters of kerosene were
removed during the pumping of each well. Figure 12 presents the recovery of each
of the wells w ith tim e. The preferential order of well recovery did not change from
the low product thickness tests. However, the C.D. coarse nonuniform and the
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untreated sand packed wells were nearly coincident and lagged far behind both of
the treated uniform wells.
Additional quantities of kerosene were again added to the system. Although
the product thickness in the wells was not significantly increased (6 0 .2 to 6 3 .2
cm ), the free product in the matrix sand was enhanced. Pumping removed 1 2 5 0
to 1 3 8 5 milliliters of kerosene from each well. The data from the drawdown tests
are graphed in Figure 13. The order of recovery preference had not changed from
the low and medium kerosene thickness tests.

Yet with each increase in free

product in the formation, the difference in the relative recovery efficiency of the
various sands seemed to diminish.
As a final comparison of the performance of the sand packs in the plexiglas
tank, each of the four wells were drawn down as simultaneously as possible.
Similar volumes of kerosene were removed from each well. This test thus placed
each well in competition for the kerosene that remained in the formation sand. The
results of this final test are graphed in Figure 14. As clearly shown, the Camp Dry®
treated, fine uniform sand packed well out-performed all other wells at imbibing
kerosene from the formation.
I did not personally witness this four-well drawdown test. As a result, I am
not familiar w ith the details of the experiments. However, w e can assume that the
procedure used to drawdown the wells could not be performed equally and
simultaneously on all wells during those critical initial minutes of the test. Although
the test results show dramatic preferential kerosene movement to the C.D. fine
uniform w ell, the test should be discounted somewhat due to unavoidable test
inconsistencies. Nonetheless, the test does confirm the other drawdown tests and
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the superiority of the Camp Dry® treated, fine uniform packed well. The order of
recovery of the wells was essentially the same as the previous tests.
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DISCUSSION AND CONCLUSIONS

The w ater drop tests screened potential treatment products and eliminated
several.

The w ater capillary rise measurements showed that the Camp Dry®-

treated sand was the most w ater repellent of those sands tested.

The water

contact angle was approximated by measuring the capillary rise at a set 24-hour
time and again with time as a variable. The capillary rise method used to determine
the contact angle of the sands was not exact. Beyond 2 4 hours, the calculated
contact angles, w ith respect to w ater, continued to decrease. A further decline of
between 4 .3 and 7 .3 degrees occurred for the treated sands in the time interval
from 2 4 to 7 2 hours from the beginning of the tests. In contrast, the contact angle
of the untreated sand dropped only 2.1 degrees during the same time interval.
Those preliminary tests showed that each sand became more w ater wettable the
longer it was exposed to w ater. Each individual test system had not reached an
equilibrium within 7 2 hours. DeBano (1 9 8 0 ) and Letey et al. (1 9 7 5 ) worked under
the assumption that their systems would achieve equilibrium within 2 4 hours. This
tim e period may be appropriate for some natural soils but was not the case for the
sands chosen for this study and especially the treated sands. A longer time must
be examined when using the capillary rise method to determine the contact angle
of hydrophobic materials, possibly five days.
In addition to the 24-hour time period, tw o other assumptions were made
when using the capillary rise setup to estimate the contact angle. First, that the
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contact angle of ethanol w as zero, and second, that the capillary radius was
consistent from setup to setup. Care was taken to promote uniform packing in
each of the jars. However, the capillary radii determined from the ethanol setups
varied significantly and uniform packing density was not necessarily achieved.
Therefore in the calculations of contact angle, an average value was used for the
capillary radius in each sand. The setup and measurements, although less than
ideal, provided the relative comparison needed for continued work.
An interesting comparison that was not performed would have been to
examine the capillary rise of kerosene in each of the four different sands. A study
of the capillary rise of kerosene in the treated sands versus the untreated sand
would have given a relative indication if the treatment helped the sands become
more oleophilic. Calculations of contact angle with respect to kerosene would not
have been possible.

Kerosene is a refined product composed of many different

hydrocarbon chains.

Therefore, single values for the density and the surface

tension of kerosene are not applicable. Both of these properties will change for
kerosene depending on the crude petroleum and the refining process.

However

since the capillary rise is directly related to the contact angle, a comparison of the
rise of kerosene in each of the sands to the rise of water in the same sand would
have indicated which fluid had the greater tendency to w et the sand.
Single well drawdown testing in the 40-gallon hydrophobic tank was
conducted with only one kerosene thickness in the formation.

No high kerosene

level w as tested in this tank. The hydrophobic test tank showed that the treated
sands were more w ater repellent and suggested that they were also more
oleophilic.

The tests in this tank showed that the hydrophobic treatm ents
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increased the efficiency of these sands to imbibe kerosene from the natural matrix
sand. The Camp Dry® spray performed extremely well in the experiments. The
Camp Dry®-treated sands w ere found to be the most hydrophobic, by contact
angle, and the most effective in kerosene recovery. This silicone based product
w as also easily applied.
The DMDCS-treated sand w as second in efficiency for the kerosene
recovery test. This treatm ent required a more extensive and possibly hazardous
practice for application. Hydrochloric acid is formed when the DMDCS contacts
w ater vapor.

An air purifying respirator should be worn while working with

DM DCS, or the work should be performed under a fume hood. The sands treated
w ith DMDCS were stained w ith a water soluble film of unknown chemical
composition which could affect the hydrophobicity of the filter sands.

An

additional w ater rinse was necessary to remove this film.
Trimethylchlorosilane contains a third methyl group.

If it w ere used as a

treatm ent to a silica surface, the three methyl groups should create a coating that
would be more w ater repellent than DMDCS. Unfortunately, trimethylchlorosilane
w as not obtained for testing in this study.
The Scotchgard® for leather product was also easily applied.

Yet, this

treated sand was slower at imbibing kerosene from the matrix sand in the test tank
as compared to the Camp Dry®- and DMDCS-treated sands.

In addition, the

Scotchgard® sand had the lowest w ater contact angle of the three treated sands
tested. The order of product recovery efficiency for the treated sands during the
individual drawdown tests (Figure 6 on page 29) agreed quite well w ith the
calculated w ater contact angles for the sands (Figure 4 on page 21).
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Simultaneous drawdown of all four wells confirmed the relative product
recovery efficiency. Through this four-well drawdown test, the wells w ere placed
in competition with one another. The experiment showed the increased ability of
the treated sands to draw free product in from the formation.

Based on its

superiority at imbibing kerosene and its easy application, Camp Dry® w as selected
to be used in later tests.
The grain-size distribution test tank examined the relative product recovery
efficiencies of four different sand packs without treatments of any kind. The filter
sands were developed w ith these descriptive characteristics: Fine uniform — a D30
size that is 2 .9 times larger than the matrix sand D30 size and a Cu of 1.5.

Fine

nonuniform — a D30 size that is 2 .5 times larger than the matrix sand D30 size and
a Cu of 1 .8. Coarse uniform — a D30 size that is 5 .3 times larger than the matrix
sand D30 size and a Cu of 1.3 . Coarse nonuniform — a D30 size that is 4 .8 times
larger than the matrix sand D30 size and a Cu of 1.9.
The ability of these filter sands to imbibe kerosene w as tested at tw o
thicknesses of free product in the formation. A t the low kerosene level, the coarse
sands performed equally well and much better than the fine-grained sands. A t the
high kerosene thickness, the coarse grained packs still imbibed the kerosene
quicker than the fine sands, with the coarse uniform sand performing the best.
Simultaneous drawdowns on all wells again confirmed these relative recovery
efficiencies.
The results of the grain-size distribution tank suggest that the larger grain
size is preferable for recovery well design. This follows the recommendation of
Driscoll {19 86 ) but is contrary to the suggestion of Sullivan et al. (1 9 8 8 ) for a finer
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or a graded sand pack to optimize pore pressure differences. However, Sullivan et
al. state that it is their practice to utilize the grain-size recommendation of Driscoll
and to "strongly develop" the zone about the potentiometric surface. Although
well developed, the filter packs in this tank were likely not developed to the extent
required by Sullivan et al. to create a graded filter pack.
A possible explanation for the performance of the coarse uniform sand is
th at the capillary forces within the coarser-grained filter sands do not retain as high
of a percentage of residual w ater as the fine sands.

The pore throats on the

average should be larger for the coarse sands. Thus, product migration into the
coarse filter sand may not be hindered to the same degree by residual or capillary
w ater in the sand pack. In response, the kerosene should displace the w ater more
easily from the coarse filter sands and allow freer passage to the well.
It would be interesting to examine even coarser untreated filter sands to
view their recovery efficiency in comparison to those tested here. Recovery well
designs often utilize very coarse filter packs, even as large as pea gravel. It should
be considered whether very coarse-grained materials are an efficient selection for
a recovery well filter pack.

Mansur and Fause (1 9 8 4 )

noted

pooling of

hydrocarbons in formations just outside of very coarse filter packs while no product
w as observed within the recovery wells with these coarser packs. In this case, the
difference in the capillary pore pressures from the formation to the filter material
may have been too great.

To enhance product recovery efficiency of wells,

continued study could provide relationships for the optimum grain size of filter
packs to different formation grain sizes.
The final experiments were set up to test grain-size distribution variables
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and hydrophobicity jointly in a large plexiglas box. In this setup, drawdowns were
conducted at three different thicknesses of free product in the matrix sand. The
Camp Dry®-treated, fine uniform sand consistently imbibed the kerosene at the
quickest rate. However, as the product thickness in the formation increased, the
differences in recovery efficiencies diminished. Product recovery efficiency for the
treated sands w as most dramatic for the low product thickness. The simultaneous
drawdown of all four wells confirmed the individual well test results.
The Camp Dry®-treated, fine uniform sand was the most efficient for
product recovery.

The Camp Dry®-treated, coarse uniform filter sand also

performed well. The Camp Dry®-treated, coarse nonuniform sand was little better
than the untreated, coarse uniform control sand. The superiority of the Camp Dry®treated, fine uniform sand w as a sharp contrast to the coarse uniform sand
performing best in the untreated grain-size distribution tank. The results of the
plexiglas tank reaffirmed the performance of hydrophobicly-treated filter sands to
imbibe hydrocarbons from the formation sand. When the hydrophobic treatm ent
is added, the grain-size variables of the filter sand must be carefully reconsidered.
The capillary effects of a fine hydrophobic sand should be greater for the
attraction of hydrocarbons than a coarser hydrophobic sand.

The capillary

attraction between mobile hydrocarbons and hydrophobic sands will be diminished
as the grain size becomes greater. The hydrophobic sand also has a tendency to
purge itself of residual water saturation that impedes hydrocarbon movement by
blocking the small pore throats.

That is, kerosene drawn in from the formation

sand easily displaces the w ater in the filter sand. The poor recovery response of
the Camp Dry®-treated, coarse nonuniform sand pack does not confirm this theory.
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Perhaps, the pore throats were reduced too much by the grading of this filter sand.
In any case, uniform sands are preferred if hydrophobic treatm ents are to be used.
This research indicates that the product recovery efficiency of filter sands
can be significantly improved by hydrophobic treatm ents. This improvement is
magnified as the thickness of free product in the formation is lowered. Although
the benefits of the hydrophobic filter sands may not be highly significant while free
product in the formation is relatively thick, increased recovery rates for thin layers
of product may be realized. This ultimately could help to reduce remediation time
at spill sites and possibly recover more hydrocarbons from the formation, both of
which will reduce remediation costs.
The durability of a hydrophobic treatment should be considered. The long
term effectiveness of the w ater repellant treatments used in these experiments was
not tested. The treatments could be leached aw ay by the hydrocarbons that they
imbibe. The treatments could also be affected by the bacteria which is sure to
grow near the recovery well.

Or possibly, the hydrophobic treatm ents may

discourage the growth of bacteria within the sand pack. These are areas which
require additional study.
A naturally hydrophobic filter material was sought for these experiments.
Extensive inquiries were made to find suitable glass or preferably plastic beads. No
reasonable material was obtained.
Plastic materials are likely to possess more hydrophobic tendency than
glass.

The ideal plastic needs to have a relatively high density and some inert

qualities. The high density is needed so that the material will settle out through
w ater during well installation.

Inertness of the material is ideal so that the
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individual grains will not become altered in any w ay by the hydrocarbons.
Polytetrafluoroethylene, PTFE or Teflon®, has both of these properties. Therefore,
PTFE manufactured to the proper size and shape may form a very efficient
hydrophobic filter pack material.

Continued research with artificial filter packs

should prove interesting and promising.
Overall, research and testing of hydrophobic filter packs should yield
rewarding results. Additional w ork should examine the relationship of the filter
pack grain size, both hydrophilic and hydrophobic material, to the grain size of the
formation. Varying the grain size of the filter pack to different formation grain sizes
may produce guidelines by which product recovery wells can be substantially
improved under a wide range of geologic conditions.
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EXAMPLE CALCULATION OF CAPILLARY RADIUS AND CONTACT ANGLE

Capillary Radius for Camp Drv® Using Ethanol
r =
=
=
=

(2 kC os 0 )
(pgh)
( 2 x 2 1 . 7 2 g/sec2 Cos 0 ) •+• (0 .7 8 9 4 g/cm3 x 9 8 0 .7 cm /sec2 x 3 .8 4 cm)
(4 3 .4 4 g/sec2) ■+■ (2 9 7 2 .7 9 g/cm-sec2)
0 .0 1 4 6 cm

Contact Ancle for W ater on Camp Drv® Sand
Cos 0 = (rpgh) -»• ( 2 k )
= (0 .0 1 4 6 cm x 0 .9 9 6 5 g/cm 3 x 9 8 0 .7 cm /sec2 x (-1.27 cm))
+ ( 2 x 7 1 . 8 4 g/sec2)
= (-1 8 .1 2 g/sec2) •+■ (1 4 3 .6 8 g/sec2)
= -0 .1 2 6
0 = C o s1(-0 .1 2 6 )
= 9 7 .2 °

POROSITY CALCULATIONS FOR THE 40-GALLQN HYDROPHOBIC TANK

W eight of matrix sand = 1 5 8 ,5 2 2 g
Volume of the four filter sands = 4 x 1/i/zr2h
= 4 x Virri6 .6 7 cm )2 x 3 8 .0 cm
= 1 0 ,6 2 2 .2 cm3
Volume of matrix sand = (90.1 cm x 3 0 .4 cm x 4 0 .0 cm) - 1 0 ,6 2 2 .2 cm3
= 1 0 9 ,5 6 1 .6 cm3 - 1 0 ,6 2 2 .2 cm3
= 9 8 ,9 3 9 .4 cm3
Density of matrix sand = 1 5 8 ,5 2 2 g
= 1 .6 0 g/cm 3

9 8 ,9 3 9 .4 cm3

Porosity = 1 - </obulk + p 10J
= 1 - (1 .6 0 g/cm 3 ■+■ 2 .6 5 g/cm 3)
= 3 9 .6 %
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POROSITY CALCULATIONS FOR THE 40-GALLQN GRAIN-SIZE TANK

W eight of matrix sand = 1 6 5 ,6 5 0 g
Volume of the four filter sands = 4 x V2 m 2h
= 4 x V2n(6.67 cm)2 x 4 0 .6 cm
= 1 1 ,3 4 9 .0 cm3
Volume of matrix sand = (90.1 cm x 3 0 .4 cm x 4 0 .6 cm) - 1 1 ,3 4 9 .0 cm3
= 1 1 1 ,2 0 5 .0 cm3 - 1 1 ,3 4 9 .0 cm 3
= 9 9 ,8 5 6 .0 cm3
Density of matrix sand = 1 6 5 ,6 5 0 g + 9 9 ,8 5 6 .0 cm3
= 1 .6 6 g/cm 3
Porosity = 1 - (pbulk + p solid)
= 1 - (1 .6 6 g/cm 3 + 2 .6 5 g/cm3)
= 3 7 .4 % .

POROSITY CALCULATIONS FOR THE PLEXIGLAS TANK

W eight of matrix sand = 5 9 9 .3 kg
Volume of the four filter sands = 4 x 'Am2^
= 4 x V2 ir(6 .6 7 cm)2 x 1 0 8 .5 cm
= 3 0 ,3 2 9 .2 cm3
Volume of matrix sand = (1 1 8 .0 cm x 1 0 8 .5 cm x 3 0 .5 cm)
- 3 0 ,3 2 9 .2 cm3
= 3 9 0 ,4 9 1 .5 cm3 - 3 0 ,3 2 9 .2 cm3
= 3 6 0 ,1 6 2 .3 cm3
Density of matrix sand = 5 9 9 ,3 0 0 g
= 1 .6 6 g/cm 3

3 6 0 ,1 6 2 .3 cm 3

Porosity = 1 - (pbulk + p „ J
= 1 - (1 .6 6 g/cm 3 -s- 2 .6 5 g/cm 3)
= 3 7 .4 % .
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